This study examines the response of a flexible rotor supported by load sharing between linear bearings and an auxiliary clearance bearing.
The objective of the work is to develop a better understanding of the dynamical behavior of a magnetic bearing supported rotor system interacting with auxiliary bearings during a critical operating condition. Of particular interest is the effect of coupling between the bearing/housing and shaft vibration on the rotordynamical responses. A simulation model is developed and a number of studies are performed for various parametric
configurations. An experimentM investigation is also conducted to compare and verify the rotordynamic behavior predicted by the simulation studies.
A strategy for reducing sychronous shaft vibration through appropriate design of coupled shaft/bearing/housing vibration modes is identified.
The results are presented and discussed. = rotor free-free modal rotation matrix ¢_ = rotor free-free modal displacement matrix 1_ = _TI._J fl = rotor operating speed, rad/s w,_ = matrix of rotor free-free natural frequencies, rad/s ¢ = imbalance vector Subscripts bz = auxiliary bearing, x-direction by = auxiliary bearing, y-direction c -contact hz = housing, x-direction hz = housing, y-direction zr = rightmost bearing, x-direction zl = leftmost bearing, x-direction yr = rightmost bearing, y-direction yl = leftmost bearing, y-direction
INTRODUCTION
In recent years, the use of active magnetic bearings for supporting turbomachinery has been an area of interest for both academic researchers and turbomachinery users in industry. Magnetic bearings provide the potential for significant improvements over other types of rotor support,including eliminationof wear and bearing friction-related energy lossesas wellas a means of actively suppressing rotor vibration. However, theiruse has been significantly limited due to s number of technical problems. A particulararea of concern isthe auxiliary bearing,which protectsthe softiron core of the magnetic bearing and providesrotorsupport in case of overloador failure of the magnetic bearing.
Typically,the auxiliarybearingshave relatively small clearances so that magnetic bearing rotor/statorcontact does not occur during bearing failureor power loss. Due to these small clearances, contact between the rotor system and the auxiliarybearingscan occur during standard operation of the magnetic bearings.When thisoccurs, load sharingbetween the magnetic bearingsand the auxiliary bearingsresults, and the rotorsystem interactswith itsauxiliarybearings. The dynamics of such an occurrence must be understood in order to properlydesign the auxiliary bearing system for a magnetic bearing supported rotor.
A number of different bearing types have been suggested as auxiliary beaxings. These include bushings, rollingelement bearings, and various types of journal bearings. The most commonly consideredare rolling element bearings. The major disadvantage associatedwith using rolling element bearings (or bushings) is the requirement of a clearancebetween the rotor and the innerrace of the bearing,without which many of the advantages associatedwith using magnetic bearingswouldbe reduced or eliminated. This clearanceintroduces a nonlinear dynamical featurewhich may significantlyimpact the behavior of the rotor.
There are quite a number of studiesin the literature concerned with nonlinear rotordynamics. Ehrich (1965 and 1967) studied the rotor/stator interactionwith a clearance and found zones of bistablesynchronous behavior. Black (1968) also found these bistableinteractionzones. Ehrich extended this research by predicting subharmonic behavior (1966 and 1988), superharmonic behavior (1992) , and chaotic responses (1991). Bently (1974), Muszynska (1984), and Childs (1979 and 1982) also observed and studied subharmonic responses due to clearanceeffects.
There is relatively little work availablein the open literature that is specifically concerned with the dynamics between the rotor system and the auxiliarybearings. The research that has been performed to date is primarilyconcerned with the transientbehavior of rotor drop on the auxiliary bearings due to power failure or inoperativemagnetic bearings. Two papers with this focus are Gelin et ai.,(1990)and Ishiiand Kirk (1991) .
The present work is concerned with developing an understanding of the dynamic behavior of a rotor system supported by load sharing between the linearbearings and an auxiliarybearing with clearance.Ofparticular interest is the influenceof coupled shaft/bearing/housingvibrationmodes on the rotordynamical behavior of such a system. Figure 1 shows the simulation model used for this investigation.It consistsof a flexible rotor supported at both ends by magnetic bearings. A rigiddiskwith adjustable imbalance isplaced at the midpoint of the bearing span. As a simplification, the magnetic bearings are modeled as spring and dashpot systems and interactionwith a single auxiliary bearing is considered. The auxiliary bearing was modeled as an antifriction bearing with a clearanceand a mass attached to a housing. The housing in turn has a mass, stiffness, and damping. Figure 2 shows the auxiliary bearing model used in the simulation. 
SIMULATION MODEL

Figure 1 Schematic Diagram of Simulation Model
The rotor is modelled using the free-free bending mode shapes and naturalfrequenciesobtained through finite element analysis. The finite element code uses 19 stationsand the first four modes (two rigidbody and two flexible modes) are includedin the simulationmodel.
Using these simplifications, the equationsof motionfor the system can be written as follows:
(1.c)
The physical displacements of the rotor at the auxiliary bearing or magnetic bearing locations can be obtained using the following coordinate transformation:
(m = totalnumber of nodes)
Experimental tests were performed in order to validate the behavior predicted by the simulation model and to gain some insight into the dynamical responses that are to be expected. A schematic diagram of the rotor test rig that was used in the experimental work is shown in Figure 3 .
The rotor used in this study has two basic components: a flexibleshaft and an auxiliary clearance bearing. The shaft is made of steel and is 0.374 inches in diameter and 18.0 inches in length. It is supported at 1.0 inch from the right end by ball bearings suspended in a frame by four springsand at 1.0inch from the left end by a bushing with a tightclearance.These supports 
DISCUSSION
A series of parallel studieswere conducted using the simulation and experimental models discussed in the preceding sections.The followingdiscussion isaimed at comparing the predictions olthe simulationmodel with experimentallyobservedresponses, with the objectiveof obtaininginsightintothe behaviorof flexible rotor system dynamics due to load sharingbetween the magnetic bearingsand an auxUiary bearing.
Using the data from measurements and calculations,the stiffness, damping, and mass characteristics of the experimental rotor system were identified.The imbalance configuration consists of 3.0x 10-s kg-m locatedat the leftend of the rotorshaft (from the flexible coupling to the electric motor) and a variableimbalance locatedon the rigiddisk. Linear,hysteretic, and coulomb friction damping models were considered.The support damping appears to resultprincipallyfrom hysteresis. Ifsynchronous vibration is assumed, this resultsin a damping coefficient scaled by the rotor speed. The numerical values are given in Table 1. The governing parameters for an auxiliary bearing are stiffness, mass, damping, clearance, and axial location.
The axial location generally is fixed by other considerations, such as space requirements and the need to be close to the magnetic bearing to better protect it.
This study focusses on the remaining design parameters.
For the system studied, significant nonsynchronous vibration occured only for the 2w component and for a limited rotor speed range. Figure 5 illustrates the observed behavior for various imbalance values. The amplitudes are quite small and, interestingly, virtually independent of imbalance. The simulation responses discussed below were determined from a single-term harmonic balance analysis that was numerically implemented and verified at selected points using direct numerical interation of the governing equations of motion. The armonic balance procedure is described by Nayfeh and Mook (1979) .
Figures 6.a-6.e show the response amplitudes predicted from the simulation study for the parameters of The damping added to the system from the auxiliary bearing serves to attenuate the peak response amplitudes for both critical speeds. The response amplitudes between the two response peaks are affected little by the auxiliary bearing, with the rotor and bearing/housing vibrations tending to decouple for response amplitudes below the clearance.
Above the second critical speed, the presence of the auxiliary bearing serves to reduce the response amplitudes for the remainder of the plot. For this region, there is significant coupling between the rotor/bearing/housing vibration and the response amplitudes are below the clearance for speeds greater than about 550 rad/sec.
The rotor speed ranges for which coupling of the rotor/bearing/housing vibration will occur depend upon the phase of the combined system response, as described by Black (1968) . For the purposes of this study, Kb=471 N/m is chosen as a reasonable value and variations of other parameters are performed with this auxiliary bearing stiffness. Again, such behavior is expected from the analysis work for a rotor operating in an annular clearance performed by Black (1968) .
Close examination of the above results reveals a very interesting trend. Turbomachine are designed to operate at rotor speeds between the various system critical speeds so as to minimize synchronous For the present system, the lowest amplitude responses (for operation above the second critical speed) occur for the auxiliary bearing configurations where there is the largest decrease of the second effective critical speed, which is due to a coupling of rotor/stator/housing vibration. While not really suprising, this result indicates an interesting strategy for the design of auxiliary support using clearance bearings. Selection of combined shaft/auxiliary bearing/housing vibration characteristics such that the effective critical speeds nearest the operating speed (directly above and below) shift away from it should result in lower amplitude rotor vibration and provide the best opportunity to protect the magnetic bearing. However, the phase characteristics of the combined system must be such that vibration coupling occurs and care must be taken to ensure that this is the case if the maximum benefit is to be derived from the auxiliary bearing. 
CONCLUSIONS
